






The mode1 studies discuesed in t h i s  report were conducted In the 
Eydraulic laboratory of the Bureau of Reclanation in D e n '  Wing the 
lasf half' of 1958 and the first half of 1959. During and previoua to 
t h i s  tm, nany conferences were held between ~ e m b v s  of the C s n a l s  
Branch, the Mechanical Branch, and the ~ a u l i c  leboratory Branch of 
the Bureau of Reclamation and representatives of .the Mountains 
Hy'dro-Electric Authority, t o  discuss originsl design alternatives, 
later t e s t  results, and final s t r u c t ~ r a l  and hydraulic reqylrements. 
!he recommen&d &si@ for the control structure evolved f rom these 
conferences and model studies is therefore the result  of the thoughts 
and work of many people. 

A number of Australian engineers associatedwith the Bureau for a 
training and observation period assisted in  these mde l  studies. !be 
efforts  and cooperation of igssrs. Rodney Whitfield, AUan Feet, 
Colin Kihartin, Ado Kadak, Dsniel Linsten, Christopher Doodsll, and 
Robert Watt were gxeatly appreciated. 

Help by M r .  I sm Y ~ ~ B o ~ B ,  Trainee *om Japan, was also very much 
appreciated. 
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Subject: m a u l i c  mdel studies of the Islad Bend control gate-- 
Eucumbe!ne-Snm Project--SPouy Mountains H3d??o-Electric 
Authority--Australis 

PURPOSE 

The purpose of the studJ.es was t o  develop a troxible-free control gate 
capable of regulating flows rang* i r o m  50 t o  7,000 cfs  at head differ- 
entials  up t o  400 feet. !The gate is used in er tunnel sgstem where 
sanerged f l o w  conditions prevail. 

CONCWSIONS 

1. A gate t o  sa t isfy  %he severe operating reqplr~lpente, part1cuZarl.y 
the very low rates of flaw under the very him18t head difierentials,  
can be obtained with a 9-foot-wide by 16-foot-high structure with weir- 
like restriction plate6 placed normal to the f l a w  and flush with the 
downstream face of the leaf t o  reduce the effective gate width at small  
gpenings (Figures 13 and 20). 

2. Severe cavitation dtxmge can occur t o  a structure operating under 
such high heads. To overcanac this dan@er, an enlargedtunnel section 
was provided dcnmstream from the gate t o  form a pool for the high veloc- 
i t y  jet  t o  enter. By making the downstream iframe short, providing 
reentrant flow into c r i t i ca l  areas, and m v l q  the downstrean boundaries 
outward way f'rom the cavity coUspse zones (Figures 4 and a), 
cavitation damage t o  the structure is negated. 

d 

3. Corzrer xla-lers t o  reduce the parreege width near the gate bottom. 
( ~ i g u r e  9 )  were unsatisfactory due t o  the occurrence of severely nega- 

$ t ive  (subatmspheric) pressures on the suriebces. Cavitation on these 
surfaces would have bean iaevitable. 

4- Weir-likr! restriction plates placed normal t o  the i l o w  and flush 
With the drrwnetream face of the leaf (~igrrre 10) provided good pressure 
and f low conditions. The flow, after leaving these plates, f o m d  its 
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reentrant flow between the jet and the wal ls  and relieved negative pres- 
sures. Plates with convex flow edges ( ~ i g u r e  1 0 ~ )  provided best results. 

5. !Che floor of the hwnstream gate body must be sloped downw8rd t o  
obtain a more rapid degree of conduit e w s i o n .  A vert ical  12-inch 
dawnward step a t  the downstream face of the , restr ict ion plates, followed 
by a 45O downslqpe t o  elevation 3503.25 ( ~ i g u r e s  U and 20),  gave good * 
results. 

6. Ideally, the enlarged tunnel section should be placed as close as e 

possible t o  the gate leaf t o  prevent cavitation dsmage and t o  obtain 
the best recirculation around the discharging jet. However, structural 
considerations requksd t ha t  the downstreem conduit width be the e a a ~  
as  the upstream width for a sufficient distance t o  res i s t  the gate leaf 
thrust. A good hydraulic and structural balance was obtained with 
7-foot-long parallel  wal ls  9 feet  apart, followed by ll-l/2=inch outward 
offsets and 18' outward flarres ( ~ i g u r e  13). 

7. Outwardly offset downstream s lo t  corners, followed by curved U s  
t o  return the pas- width t o  normal., did not improve the s lo t  and 
w a l l  pressures i n  t h i s  gate. A square-cornered rectaagulau: s lo t  
(Figure 32) performed as well as the offset ones and offered design and 
construction economies. The back pressure acting on t h i s  structure was 
the main factor permitting the selectisii. of the square-cornered s lo t  
design. 

8. The usual open-beam shape of pte leaf bottom for th i s  downstream 
seal, roller-mounted gate leaf was unsatisfactory due to poor local  
peasure  conditions. Mach better performance was obtainedfwith sn 
eUiptica3J.y shaped bottom (Figure 13). 

9. The position and shape of the gate leaf seal that seats against the 
upstream face of the restr ict ioz plstes greatly affected the pressures 
near the leaf bottom. Satisfactory pressures are expected with the 
seal placed as  low as possible on the downstream face of the leaf snd 
projecting only 9/32 inch beyond the seal  bar ( ~ i g u r e  1 0 ~ ) .  

10. The pressure and flow conditions for the gate should be entirely 
satisfactory for all operation with the ~sland-Bend and Geehi Fond 

- 
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water surface elevations within their  normal ranges. Even a t  the 
extreme but unlikely condition of Island Bend Pond completely fUl and 
Geehi Pond completely empty, but wifh a 30-foot back pressure, the opera- t 

t ion w i l l  be acceptable. There w i l l  be a slight tendency for l ight ,  
sporadic, local  cavitation near the flow surfaces. 



the Island Bend gate, it w i l l  be necessary t o  check G e e h i  @te to 
maintain a back pressure of a t  least  30 feet  on the 1sLan;f Band gate, 
meastlred from the upstream center line. 

12. The Islaad Bend gate may be operated at any gate opening greater 
than 6 inches under any applicable head conditions for rnny length of 
time. The wte upening limitation w i l l  pose no handicap on the gab 
or on the operation of the 0%-era2.l tunnel and reservoir system because 
the minimam specified discharge of 50 cfs at the greatest possible head 
differential is e~q?ected t o  be ob%ained with an opening sl ightly greater 
than 6 inches. 

13. Stainless s tee l  pletes. are needed in the Island Bend gate on the 
parallel  7-foot-long wal ls  downstream from the slots to  provide and 
maintain smooth, well alined, corrosion- and erosion-resistant surfaces. 
Such surfaces are mandatory on these parts  of a structure t h k  operates 
submerged at practically any upening, under very high differential  heads, 
for very long periods of time, and where minimum maintenance is important 
due t o  the difficulties, loss of t i m e ,  and heavy expnditurel; necessary 
in  gaining access t o  the gate.. , , 

14. A masurement of doynstrean head is needed in addition t o  howledge 
of gate opening and upstream head t o  eet given discharges through the T:- 

Island Bend gate. This measure~lent c ~ p  be ma& w i t h  8. float well in the 
gate shaf't, the well being connected t o  an opening in  the side of the 
28-foot-diameter enlarged tunnsl 100 feet  downstreem from the gate. 

15. The downpull forces acting on the gate due t o  pressure decreases 
on the bottom ~urface  when flow passee beneath the Leaf will reach s 
msxirmnn of &out 442,000 p o ~ d s  (F'irgre 1 9 ~ ) .  This lo& w i l l  occur at 
a gate opening of about 60 percent and i s  for the severe condition of 
Island Bend Pond ful l  and Geehi Pond empty. Les8 iFOwnpull occurs as 
Geehi Pond f U s .  

l6. Identical gate leaves and structwes can be used at Islaud Bend end 
Geehi control  station^. This provides c e r t a b  design economies and 
f lexibi l i t ies  and w i l l  insure having er gate a t  Geehi that viU. satis-  
factorily haadle the very severe aperating condi'tiono thet can be imposed 
on it. 

17. Tests made without restric%ion plates i n  the gate body, thus repre- 
senting the Eucumbene gate, and with Lake Puc-ne considered at mini- 
mum operating level  snd Island Bend Pond full, showed sn approximate 
maximum Bornpull of 429,000 pouuds (Figure 19~). 

3 



downstream from the Eucumbene gate, as  could prevai l  during i n i t i a l  
filling of the ?&cumbene 'J!unnel i f  s t t e q t e d  from Island Bend, showed 
a maximum dormpull force of approximately 1,070,000 pounds ( ~ i ~ e  1%) 

ImoDUCTIoN - -  

The Snowy Mountain~ EIydro-Fkctrfc Scheme in  southeastern Australia is 
a comprehensive engbeering and construction program fo r  collecting 
waters from the seanard and landward sidles of the Great Dividing Range .' 
and using them for  i rr igat ion and power generation ( ~ i g u r e s  1 and 2). 
The scheme i s  under the direction of the Snowy Mountains Hydro-Electric 
Authority. The IEucmene-Snowy-Geahi Diversion System i s  a pa r t  of t h i s  
scheme and w i l l  t ransfer Snowy River w a t e r  into M-6 ( l a t e r  changed t o  
Murray 1 )  and subsequent power stations, or into the  main storage in  
Lake Eucmbene, or from Lake Ebcmbc~~e di rec t ly  into the  Murray-serie~s 
power s tat ions ( ~ i g u r e  2). The Is lasd Bend control structure is a past  
of the Eucu~~ibene-Snowy-Geehi Diversion plan (I?i&re 3). Its Function 
is t o  regulate the flows released from Island Bend Reservoir into the 
tunnel system, while maintaining the Island Bend inle t  shaft  and tunnel 
full Of ,fat,-'.t --- ;that air i s  not entrained and cwr ied  into the system. 

*- 

The question ';;?--~dether or not t o  allow air t o  enter  the  tunnel system 
was carefully considered. Attention was par t icular ly  given t o  problems t. 
t ha t  would a r i se  i f  a i r  were present. It was bel ievedthat  pockets or 
accumulations of air would build qp along the crown of the graduslly 
sloped tunnels, particulm;rly in the unlined sections, and would m e  

, .- intermittently along with the flow. Upon reaching the tunnel outlets,  ++,  

which are normlly deeply submerged at the reservoirs, the air pockets 
would quickly vent themselves, and water would rush in to  the vacated 
space. Eeavy shock loads and water hanmier would then occur as the 
waters moving into the vacated areas collided. These shocks would be 
damaging t o  the structures and undesirable from an operational stand- 
point. In addition, violent and undesirable boiling and wsve action 
would occur in the ponds. 

Vents placed at  s trategic locations could a l levia te  these d i f f i cu l t i e s  
by providing controlled release of the a i r .  The problem would then zr 
resolve Stself into obtaining sat isfactory separation of the a i r  from 5 

the water and providing suitably located collectors and vents t o  exhaust 
it. Preliminary studies of methods t o  achieve t h i s  controllea removal 
of air from the tunnels showed that several unknowns were involved. l 

Foremost of these was the rate of r i s e  of varlous-sized bubbles i n  the 
turbulent flow i n  the tunnels. Because of the unknowns, it w a s  not 
possible, on the basis  of available data, t o  say what tr*, size, and 
placement of air separation chanibers and vents would needed t o  
release the entrained a i r  from the water and vent it t o  the  



adoptp& a design which prevented the entrance of air by mRk.lna the 
in le t  flow full at a l l  t2mes. The entrance ( ~ i g u r e s  4 and 5) was 
therefore made somewhat similar to ' the  i n k t  for the junction shaft ~ X A  
the Eucunibene-Tumut ~unne1.g The regulation in  the Island Bend struc- 
ture wild, be accoqpliehed by a gate i n  the horizontal section of tunael. 
between the Island Bend intake and the connection with the l3ucunibene- 
Snowy and Snowy-Geehi Tunnels. This gate w i l l  at all times be operated 
t o  keep the intake structure flowing f u l l  so that  no a i r  is entrained 
and carried into the eystem. 

\ 

The operating conditions imgosed on the control structure are- severe. 
The maximum flow w i l l  be about 6,400 cfs. The minimmi i a  about 50 cf s. 
Prior t o  the i n i t i a l  f i l l ing,  and possibly on rare occasions thereafter, , 

Geehi Pond may be completely empty. During the early stages of f illfnn 
Geehi Pond, free flow discharge conditions can prevail at Island Bend 
gate because the gate invert is above the minimum water surface level 
of Geehi Pond ( ~ i g u r e  4). No operational problems sre anticipated with . 
the free discharge uperation if the ga%e is operated t o  f i l l  the pond. 

A s  the water level r ises  i n  Geehi Pond, the tunnel w i l l  f i l l  and sub- 
merged discharge conditions w i l l  prevail at Island Bend gate. This 
tgrpe of operation greatly a l ters  the f l o w  and pressure conditions at 
the gate and produces the most severe operating conditions. A head 
differential of 390 feet  can occur acror~s the gate when the 28-foot- 
W t e r  conduit i s  Just f U l .  Frictional losses in the tunnels w i l l  
add back preseure as  the rate of flow increases. Computed fr ict ional  
losses for the largest and smallest probable roughness values and the 
b& 2ressuree on the center l ine of the Island Bend gate with nhlmm 
pond at  Geehi are shown in Figure 6 ~ .  As the pond continues t o  f i l l  
t o  reach normal operating levels, and/or as  the discharge increases, 
the back pressure increases wh-ile the head differential decreases. 
Progressively less severe operating conditions result. A similar but 
less  severe situation exists with flows t o  the Eucmbene-Snowy !hamel 
(Figure 6~). 

A nutnber of different gate designs were considered for the Ialand Bend 
control structure. One included placing 3 mderately sized gates side 
by side with only 1 operating when releases were nnwll. Another plaa 

e included a Large single gate with a a n d l  gate bu i l t  into the main leaf. 
These and other designs were eventually eliminated from consideration 
and a single 9-foot-wide by 16-foot-high gate was selected. E x t r m l y  

J snail gate openjngs during releases of very anall flows were rendered 
unnecessary by decreasing the width of the lower pau$ of the gate 
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openings of 6 or more inches could be set  for releasing the minimum 
anticipated discharge of 50 cf s. 

0 
In systems where high velocity flows enter a pool or f iUed conduit 
under moderate or low back pressures, cavitation can occur.gY 
This cavitation takes place w i t h i n  the low pressure cores of rapidly ' 

whirling vortices created by shearing between the high velocity je t  
and the surrounding weter. As  long as  the vortex action is severe and 
the pressure reginre is moderate or low, the inception, formation, and 
decay of vapor cavities continue. If these multitudes of vapor pockets , 

coUapse on or near the boundary walls, damage of serious proportions 
can occur. It is therefore imperative, for long structural l i f e ,  that  
the boundary surfaces of such a ertructwe be placed. well away f'rom 
areas vhere th i s  inevitable cavitation collapse w i l l  take pJsce. 

Desiepl data, unpublished at the tirae c j f  t h i s  writing, were available in 
the Bureau of Reclamation laboratories t o  help in  de'termining the conduit 
arrangenrent for the Islaad Bend gate. Studies using a b - f o o t  head 
differential across a partly opened, 3-inch, 300-pound &ate valve shaved 
that  no damage would occur on the downstream conduit provided its 
diameter were 1.75 or more tWs the nominal gate body diemeter and the 
back pressure in the conduit were 20 or more feet. A review of the 
Island Bend installation showed that  it would alrtr>st always operate sub- 
merged and that i ts  back pressure could become as low as 20 t o  39 feet. 
Further decreases in back pressure with the possibility of undesirable 
shifting between submerged and free discharge flow conJLtlons would be 
prevented by throttling the Geehi control gate located a short distance 
downstream. The severest IslandBend operating condition was therefore 
submerged flow regulation with a 410-foot upstream head and abou3 a 
30-foot downstream head, On the basis of the laboratory data, the 
downstream conduit diameter, D, was made 1.75 tinee the l6-foot Ainmekr 
of tb.2 qstresm conauit, or 28 feet, The lengbh, based on the scum data, 
was-made 5D, or 140 feet, t o  provide ample room for flow redistribution 
before the water reentered the 16-foot-diameter tunnel farther down- 
stream ( ~ i g u r e  4). Later t e s t s  showed th i s  design Lo be satisfactory. 

Several hydraulic problems were apgarent in  the design of t h i s  unusual 
control structure. Cavitation and cavitation-erosion were an ever- 
present threat and could be encountered not only in  the mixing zone of . 
the jet  but on the w a l l s ,  gate slots, Waf, or other parts  of the struc- 
ture. Positive means for controlling the cavitation had t o  be found if  
satisfactory service l i f e  and depenilability were t o  be achieved. In 

I 

t h i s  respect, there was uncertainty about the shape of the restrictions 
t o  be used withla the gate body to  narrow it near the invert. Also, the 
shape of the gate l e i f  bottom and the style and placement of the seals 
were uncertain. Furthermore, the shape of the abrupt expansion 



mined and balanced G i n s t  a sound structural design capable of with- 
standing the t e r r i f i c  thrust loads on the leaf. To determine w h a t '  
theae sbpes  and designs should be for the overall control structure, 
hydraulic model studies were mde. Descriptions of the t e s t  f ~ i l i t i e s  
used i n  the studies, and discussions of the results  obtained, are 
presented i n  t h i s  report. 

'bHE MODEIS 
\ 

(I 

All preliminary gtudies were made with air because air model tes ts  are 
convenient, fast,  inexpeosive , and reliable. The air f ac i l i t i e s  used 
for the tes t s  consisted {f a centrifugal blower which d r k W T l ~  in 
through a l . 2 - i n c h - W t e ~  inlet pipdC*d forced it out thr0-L 
10-inch pipe t o  the gate'/section ( ~ i g u r e  7 ~ ) .  Atter 
through the gate sectio$, it en te~ed  an enlarged conduit 
the enlarged dms t ream~unne l  p'.:oposed for the prototyp 
The a i r  then discharged~I?te,~lL.#ack into the etmoisphere. 
air flow was measured by appropriately sized f h t  p b t e  
on the entrance t o  t b  12-inch blower inlet .  The flow 
the gate were maintained below 300 feet per second so that the compree- 
s ib i l i t y  of the a i r  would be negligible. The pressure maeurements were 
obtained with piezometers and =tier-filled m~~lometers read t o  the nearest 
0.01 of ~ 1 7  inch. In cases where pressure fluctuations were d or 
moderate, the average pressures were recorded. In other cases, where 
fluctwtions were severe, the most negative pressures were recorded in 
addition t o  the average ones. 

B 

The gate section for the -1:19.2 scale air model was constructed of wood, 
l ight  gage sheet n ~ t a l ,  and transpsrent sheet plas t ic  ( ~ i g u r e  7 ~ ) .  The 
design shown consisted of the 5.6-inch-wide by 10.0-inch-high gate 
section, the 2.7'7-inch-thick gate leaf, and the 5.6-inch-wide by 
14.25-inch-high downstream frae 8.13 inches long. The enlarged down- 
stream conduit was represented by a 20.5-inch-diameter sheet mtal p i p .  
Piezometers were provided on the flow surfaces believed t o  be cr i t ical .  

- 

The final mdel  tests ,  including calibrations and dovnpull maaurements, 
were made with a 1:24 scale hydraulic model (Figures 8 A  and 13). The . water fac i l i t i es  for making the t e s t s  consisted of the permesent labors- 
tory water mgply system, the qpstram pipeline or tunnel section, the 
gate i t se l f ,  the downstream pipeline or tunnel section, the back preeeure 

I regulating valve, and the waste l ine t o  the laboxaatory reservoir. Water 
was sqp l i ed  t o  the model by a 12-inch centrif'ugd. pmp, and the rate of 
flow was measured by calibrated Venturi meters within tlqe permanent lab- 
oratory swly system. Water qpproached the gate t h o u &  an 8-inch- 
diameter pipe 12.5 feet  long. A transition sirnilam: t o  the one propolrcd 



8.0-inch-high gate. A lbinch-diameter pipe represented the 28-foot- 
m t e r  enlarged condudat downstream, and a 12-inch gate valve regulated 
the back pressure. The water returned t o  the laboratory storage 
reservoir for recirculation. 

The gate section of the hydraulic model was constructed of brass pLale . 
and 1/2-inch-thick transparent plas t ic  ( ~ i g u r e s  8~ and 13). It con- 

' 

sisted of the 4.5- by 8.0-inch upstream frame, the 2.22-inch-thick m* 
leaf, and the downstreem gate body with a downwardly flared floor. 
Piezomters were provided at areas found t o  be c r i t i ca l  in the air mdel  I 

studies so that final pressure measuremnts could be made. Care was 
taken t o  make the hydraulic model strong and capable of withstanding 
relatively high heads. This was necessary because reasonably high 
velocities were r e w e d  t o  obtain Reynolds nuniber values high enough 
for good model-prototype similitude .k/ 

Pressure masurelments were read on water-filled, single leg manometers, 
mercury-filled single and double legged manometers, and i n  some cases, 
from presswe c e l l  recording charts. The charts were obtained a t  those 
piezameter stations where %he pressures were particularly l o w  and/or 
where the pressures fluctuated greatly. 

~ T I G A I I I I O N  
,* 4 

Studies for Narrowing Irmer Fa;rt of Gate Body--Air Model 

TrianguLsr Corner Fil lers 

The first attexpts t o  narrow the lower portion of the 9-foot 5-1/2-inch- 
wide preliminary gate body were made by inserting corner f i l l e r s  i n  the 
passage ( ~ i g u r e  9). These f i l l e r s  were trimgubr in  cross section and 
extended %he MU 12 feet from the gate slots t o  the abrupt expansion 
into the 28-foot-diameter tunnel. The upstream ends of the f i U e r s  
were shaped t o  produce e l l ip t ica l  surfaces. The flow passage formed at 
small gate openings by the gate leaf bottom, the sloping walls of ,the 
specially shaped fillers, and the floor was trapezoidal In cross section 
and of maU area. 

The major and minor axes of the first e l l ip t ica l  eection were 3.0 and ; 

0.96 feet  (prototype), respectively, forming a 1:3.13 el l ipse (NO. 1, 
Figure 9). The ellipses lay Fn a plane parallel  t o  the wte floor and L 

the fillers were 3 feet apart at the floor. The spring lines, or l ines 
wbere the e l l i p t i ca l  c w t u r e  s t a t e d  a t  the vertical upstream faces 
of the fillers, were 4 feet 11 inches apart at  the floor. The design 
therefore produced a downstream gate body 4 feet 51 inches wide at the 



at a height of 5.45 feet; The fu l l  height of the f i l l e r s  a t  and beyond 
the end of the e l l i p t i ca l  section was 6 feet  5-112 inches. 

Severely negative pressures occurred on both the curved snd straight 
surfaces of the f i l l e r s .  The pressures were particularly Law at the 
piezometer located 10 inches downstream fkom the s t a r t  of the f i l l e r s  
and 10 inches above the floor a t  a 13 percent gate opening. . . 
Apparently the 13 percent gate position placed severe flow contractions 
directly over the piezometer station. 

- .  
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A second shape:$was investigated using an el l ipse with prototype major 
and minor axes of 5.0 and 1.0 feet,  respectively (1:5 el l ipse) (NO. 2, 
Figure 9~). These f i l l e r s  were larger than the first ones, and the 
width between the paral le l  portions was reduced t o  1.5 feet a t  the 
floor. The spring l ines were 3 feet 6 inches apart a t  the floor and 
met the side w a l l s  5 feet  11-1/2 inches above the floor. The overall 
heigh* was 7 feet  11-5/8 inches. 

Low pressures were again encountered on the curved surfaces &ax the 
gate leaf, and t o  a lesser extent on the straight sides of the fillers. 
Pressures measured on the floor near the intersection with the fillers 
showed moderately negative pressures. The gate position had consider- 
able effect upon the pressures neS the spring l ines of the ellipses, 
and the lowest pressures on any particular piezometers occurred when 
the leaf bottom was about level with the piezometer openings. 

In the above two desigas, the ellipses were la id  out in planes paral le l  
t o  the floor. Actually, the flow tends t o  travel  normal t o  the spring 
line. It was thus more appropriate t o  lay out the el l ipses i n  a plane 
normal t o  the spring l ine  and hence normal t o  the slope of the filler 
surfaces. A thiril bellmouth was made up in t h i s  manner with major and 
minor axes of 6.25 and 1.25 feet  prototype (1:5 ell ipse) (NO. 3, 
Figure 9 ~ ) .  The spring l ines were 3 feet; 3-1/4 inches apart a t  the 
floor and met the side walls a t  a height of 6 feet  2-1/4 inches. The 
t o t a l  f i l l e r  height was 8 feet ll-112 inches. 

The pressure conditions were better with t h i s  design, but serious 
negative pressures still occurred near the leaf. This suggested that  
even more gentle curvature was needed, with larger major snd minor axes 
for the ellipses. However, attempting t o  maintain the spring l ines 
close enough together t o  properly narrow the passage, and yet attenp?t- 
ing t o  use f i l l e r s  with larger ellipses, uas inconsistent and impracti- 
cable. No further increase in  minor axis was therefore reasonable, and 
no f'urther t es t s  were made with the triangular f i l l e r s .  



It was believed that par t  of the reason for severe negative pressures 
on the upstream parts of the f i l l e r s  was that  an acute. angle was formed 
by the horizontal bottom of the gate leaf and the sloping walls of the 
triangular f i l l e r s .  To increase t h i s  angle as  much as practicable, 
f i l l e r s  with vert ical  sides were t r ied  i n  the model (Figure 9~). 
Elliptical  surfaces with 6.25- and 1.25-foot (prototype) axes were 
formed on the s iks  and tops of the f i l l e r s .  The vertical spring l ines 
were 4 feet  4-3/4 inches apart, and the horizontal spring lines at the 
f i l l e r  tops were 5 feet  1-3/4 inches above the floor. !be full  i U e r  8 

height was 6 feet  4-3/4 inches. The distance between the paral le l  
portions was 1 foot 7-1/2 inches. 

So~what  better pressure conditions occurred with the rectsngular fillers 
when the gate leaf was below the top spring lines. Etowever, when the 
leaf was raised t o  just allow flow over the top of the fillers, negative 
pressures occurred on the top and on the corner surfaces that  connected 
the vertical  ssd horizontal ellipses. Also, small, increases in  gate 
opening in t h i s  range produced large changes in the quar~tity of water 
released. This was undesirable because it made the setting of small 
discharge changes difficult.  . A t  lerrge gate openings, the pressurea on 
the f i l l e r s  were satisfactory. .": 
!kiangular Restrict ion Plstes // ,i 

:i 

The diff icult ies encountered in  us& solid corner fillers t o  reduce 
the passage width led t o  sn entirely different concept. It was reasoned 
that if the water were allawed t o  form its own flow boundaries a f te r  
leaving the control section a t  the leaf', and no structural surfaces were 
near these f l o w  boundaries, there would be less difficulty with negative 
pressures. Heavy f l a t  triangular weir-like plates were therefore 
fastened vertically in the gate body normal t o  the passage and flush 
with the clamstream face of the gate leaf ( ~ i g u r e  10). These restr ic-  
tion plates represented the front surfaces of the previous fillers and 
narrowed the paesage i n  the same manner. After the flow left the edges 
or spring l ines  of the plates (Figure 1 0 ~ ) )  it was free t o  take its 
natural flaw path. The space behind the plates allowed reentrant flow 
between the Jet and the gate body t o  relieve negative pressures. It, 
in effect, provided an abrupt expansion downstream from the leaf. 

T&e first t e s t s  were made with triangular plates 4 feet 5-3/4 inches 
wide aad 8 feet  U-1/2 inches high, prototype ( ~ i g u r e  1 0 ~ ) .  This Left  t 

a passage width at the floor of 6 inches. Better pressure conditions 
were encountered on the floor and walls downstreem from the plates than 
on the boundary surfaces with any previous designs. Tests were continued 
with v a r i a t i ~ n s  i n  width and height of the plates t o  obtain a design that 



the res t r ic t i ins  , sufficient reduct ion i n  passage width for controlling !, 
smalJ. flows, and access room for maintenance men and equipmnt. A t  the ' 

same time, the overall width of the downstream gate body was reduced t o  
an even 9 feet. Best results  were obtained with triangular plates 
having a bottom width of 4 feet  aud a height of 6 feet. 

Curved Edged Restriction Plates 

Continued studies with restr ict ion plates showed that  better performance 
could be obtained i f  the flow edges or spring lines were convex instead 
of straight ( ~ i g u r e  10C). The convex shape restr icted the flow passwe 
a l i t t l e  more and provided more room for reentry of water between the 
jet  and walls. The results  were that  the pressures on the floor and 
walls were better, and the flow was more stable. Best performance was 
produced by sharply curved plates, but the diff iculty of supporting 
such plates in the prototype structure made their  use unwise. An 
excellent compromise was achieved with moderately curvedplates, and 
t h i s  design is recormnended for prototype use ( ~ i g u r e  1 0 ~ ) .  

kaf Bottom Shape and Bottom Downstream Seal--Air Model 

An inporbant factor learned from the studies with corner f i l l e r s  and 
restriction plates was that  the shape of the gate leaf bottom sad the 
p l a c e ~ n t  of the downstream seal had a marked effect won local pressure 
conditions. The downstreem bottom seal, which is necessary for sealing 
along the face of the plates, was first placed well above the gate leaf 
bottom ( ~ i g u r e  IOD) . This produced a restr icted space between the rear 
of the gate leaf and the face of the plates, and local  high velocity 
flows occurred. These flows caused extremely low pressures and were 
undesirable. The difficulty was largely overcome by moving the seal  
close t o  the bottom of the g8te and by keeping the extension of the 
seal beyond the clamping bars t o  a minimum (F'igures 1OF and 20). Thus, 
no appreciable passage remained and no large flows were present between 
t h e  leaf and the plates. 

The bottom geometry of the i n i t i a l  leaf was of the type frequently used 
with fixed-wheel or rol ler  t r a in  gates (Figure 1 0 ~ ) .  It was formed 
by the undersurface of the lsrge I-beam used horizontally a t  the bottom 
of the leaf, the plate extensions at the downstream face, and vertical  
stiffener plates from the bean t o  the extenelon. The bottom seal, 
which res ts  on the floor at gate closure, was carried on the extension 
plates. As in i t i a l ly  proposed, the peal extended downward beyond the 
plates about 3/8 of an inch, and there was a sharp corner at the bottoq 
upstream edge of the plate. Tests showed extreme negative pressures on 
t h i s  leaf bottom. Minor revisions l ike beveling and rouuding the 
upstream bottom corner and reducing the extension of the seal  beyond 
the plates improved the pressure c o n ~ t i o n s  only moderately. 



flow-conditions. This change consisted of extending an e l l i p t i c a l l y  
shaped s tee l  p la te  From the front face t o  the bottom downstream ed&e 
of the leaf ( ~ i g u r e s  10A, LOF, and 20). The e l l i p t i c a l  shape i s  
recoxmended for  the prototype leaf ( ~ i g u r e  20) and was used for  a l l  
subsequent model tes ts .  .& 

?..+ *, 
*, 

Flared Floor and Wds--Air Model  

Floor Downstream from Gate Leaf 
, 

!2he basic p r i n c i ~ l e  used in the &si& of the gate was tha t  of provid- 
ing an enlarged section for the high velocity flow t o  enter. For t h i s  
principle t o  be worhble, the enlarged section must be large enough t o  
give good flow circulation around the je t .  Ideally, t h i s  enlargement 
would be achieved just downstream From the gate control section. How- 
ever, for structrtral reasons, it ms necessary t o  continue the gate 
body, or  conduit;, for an appreciable distance downstream from the s l o t s  
so tha t  the s3.ots would be capable of withstanding the thrus t  loads of 
the leaf .  This extended c ~ i d i i t  res t r ic ted  the flow recirculation and 
caused a general lowering of the pressures and some ins tab i l i ty  in the 
j e t .  

Increased eqansion, or  enlargement of the passage, was obtained by 
changing the alinement of the downstream floor (Figure 11). To accom- 
p l i sh  t h i s  in the model, the downstream *ame was modified by dropping 
the horizontal floor t o  the level  where the bottom corners just  inter- 
sected the w a l l s  of the 28-foot-diameter tunnel. This repreeented the 
greatest permissible drop in floor elevation of 6.8 feet,  prototype. 
Tests were then made with horizonta3, fillers inserted t o  represent 
level  floors 1.7 and 4.4 fee t  below the upstream floor. The pressures 
and flows became progressively bet ter  as the floor was lowered., and the 
best conditions were obtained with the lowest possible floor level  of 
6.8 fee t  below the upstream fieme (Figure UA). An appreciable amount 
of turbulence and pressure fluctuation remained in the system. 

Other floor f i l l e r s  were tested. One provided a 45' slope from the 
upstream floor bevel t o  the fully lowered level  floor dgwnstream 
(Figure ID). Good flow and pressure -conditions resulted. The second 
f i l l e r  provided a more gradual slope tha t  starbed from the upstream 
floor level  and reached the fully lowered floor at the dnrmstream end 
of the 13-foot-long body section. This design was less satiefactory 
than the 45* slope. , 

Further t e a t s  were made t o  determine the pressure conditions on the 
45" slope just dawnstreem *om its intersection with the qpstream floor. 
Severe negative pressures occurred at and near th is  change of alhemeat 

I I - -. 



A s t e p  of 3r4-inch prototype was &st tes ted  but was found e n t i i e l y  
inadequate. The s tep,  o r  o f f se t ,  was eventually increased t o  1 2  inches 
prototype, and t h i s  amount of o f f s e t  represented a sa t i s fac tory  compro- 
mise between s t ruc tura l  and hydraulic considerations i n  the system. The 
4 5 O  slope, together with the 12-inch v e r t i c a l  o f f se t ,  3,s recommended f o r  
prototype use. 

W a l l s  Downstream from Gate Leaf 

The 9-foot-wide by 13-foot-long walls downstream from the l ea f  sti l l  
formed too long and narrow a passage t o  allow adequate flow recircula- 
t i o n  around the main je t ,  Detailed s t r e s s  s tudies  showed t h a t  it would 
be possible t o  flare the downstream 6-foot sections of the 13-foot-long 
walls while sti l l  re ta ining adequate strength t o  withstand the extreme 
th rus t  loads of the leaf .  Tests were made with these walls f l a r ed  30° 
200, 100, 00, and -100 r e l a t i ve  t o  the passage center l i n e  ( ~ i g u r e  11~1 
and using the 45O sloping f loo r  with a 12-inch v e r t i c a l  s tep  a t  the 
r e s t r i c t i o n  plates. The bes t  pressure and s t a b i l i t y  conditions occurred 
with the maximum f l a r e ,  and progressively poorer r e s u l t s  occurred as 
the walls were moved inward. The worst conditions occurred with the 
walls converging a t  the -lo0 f l a r e ,  A t  the maximum f l a r e  of 30°, the 
pressures measured on the 7-foot-long pa ra l l e l  sections of w a l l ,  and 
a t  c r i t i c a l  locat ions  on the f l a r ing  walls, were sa t i s fac tory  f o r  a l l  
expected flow conditions. 

I 
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Shape at Downstream S lo t  Corners--Air Model t2 t \%,-,/ 

Preliminary t e s t s  using an e a r l y  gate l ea f  design showed negative pres- 
sures on 5he walls jus t  downstream from the square s l o t  corners 
(Figure 12). Attempts were made t o  reduce these negative (pressures by 
providing outwardly o f f se t  s l o t  corners, followed by long radius curves 
t h a t  returned the passage width t o  t h a t  of the upstream frame (Figure 1 2 ~ ) .  
Outward o f f se t s  at the s l o t  corners of 1.5 and 3.0 inches, prototype, 
were tes tedo The curves from the s l o t  corners t o  the  pa ra l l e l  walls 
downstream were made with a 30-foot radius. This curved portion of wall 
extended v e r t i c a l l y  from the ce i l ing  to the top of the r e s t r i c t i o n  plates. 
The full square s l o t  shape was used from the  top of the p la tes  down to 
the floor.  A ledge was present a t  the top of each r e s t r i c t i o n  p la te  
(Figure 12~). 

Tests made using the f i n a l  gate l ea f  design showed thaL the pressure 
conditions with the two o f f so t  s l o t  designs.nere about the same as with 
the or ig ina l  square-shaped s l o t  (Figure 1 2 ~ ) .  When the gate bottom was 
at  o r  s l i g h t l y  below the  ledge, negative pressures occurred above the 
ledge and on the s l o t  corner j u s t  beneath the l ea f  bottom. These pres- 
sures, which were calculated f o r  the very minimum back pressure 



nevertheless not be detrimental for limited operation a t  minimum back 
pressures, and should be entirely satisfactory for a l l  operation a t  the 
greater back pressures that occur under normal operating conditions. 
There appeared t o  be no advantage in  using the offset s lot  corners i n  
place of the in  l ine  square ones, and the square ones are recommended 
for prototype use. 

It is t o  be emphasized that a most important factor in  these s lo t  pres- 
sures being satisfactory i s  that  back pressure occurs on the gate. 
Fkes~ure reductions in local areas are held above c r i t i ca l  values by , 
th i s  back pressure, thus maintaining reasonable pressure values. Tunnel 
fr ict ion provides a great deal of back pressure a t  large flows, and addi- 
tional back pressure a t  all flows w i l l  normally be present due to ponding 
a t  Geehi. If it were not for the back pressures expected to occur, these 
s lot  designs could not be used for high velocity releases under submerged 
conditione . 

Recommended Design--Hydraulic Mode& 

Final Model 

An hydraulic model incorporating the best features obtained -ugh the 
previous a i r  model studies was constructed on a 1:24 scale ( ~ i g u r e  13). 
The moderately curved restriction plates were used. The conduit floor 
stepped vertically downward the equivalent of 12 inches a t  the down- 
stream face of the plates and then continued downward on a 45' slope 
t o  the  ghort horizontal section a t  elevation 3503.25. The w a l l s  of the 
gate were 9 feet  apart and parallel for 7 feet  beyond the gate slots. 
The wal ls  then stepped outward 11-l/2 inches on each side and continued 
with outward f lares  unti l  intersecting the 28-foot-diameter tunnel. 
Flare angles of 30' and 18O relative to  tbe conduit center l ine  were 
investigated. The roof of the gate conti~lued horizontally 7 feet  from 
the s lots  and then sloped upward. The gate slots  were rectangular with 
the upstream and downstream corners in line. The gate leaf incorporated 
the e l l ip t ica l  bottom, the enclosure boxes for the rol ler  trains, and a 
downstream seal. 

Piemmeters were included i n  the model in areas likely t o  be c r i t i ca l  
so the pressure conditions could be observed. These pressures sere read 
with single leg water manometers and a mercury gage. In  cases where the 
pressures were negative or fluctuating widely, the measurements were . 
also made with a pressure ce l l  and electronic recording equipment. 



The f b s t  t e s t s  were made with 30' side wall f lares.  All pressure con- 
ditions were satisfactory a t  appropriate set t ings of upstrean and 
downstream heads. 

Tests were then made with 3.8' flares because the lesser  f l a re  angle per- 
mitted a more desirable construction with greater strength for r es i s t ing  
thrust  loads on the leaf .  The pressure conditions and flow s t ab i l i t y  
were not as good as  with 30' f lares,  but were nevertheless within reason- 
able limits for even the most severe operating conditions. The 18O f l a res  
were thus found satisfactory for  prototype use, and all subsequlent t e s t s  
were made with them. 

The pressures obtained f'rom the model are presented Fn two forms. The 

data were first converted into pressure factors, PF = hx - h2 where H t  - he' 
h, is  pressure a t  the piezometers, is the pressure head in  the conduit % downstream from the gate, and H t  is  he t o t a l  head a t  the reference 
stat ion just upstream fiom the gate. The pressure factors for  Island 
Bend gate are shown in  Figure 1 4 ~ .  By using these pressure factors  and 
the pressure conditions expected t o  occur upstream and downstream From 
the gate for the most severe operating condition (island Bend fu l l  and 
Geehi empty), the pressures a t  c r i t i c a l  piezometers were computed 
( ~ i g u r e  1 4 ~ )  . The tunnel pressures used in the calculations are shown 
i n  Figure 15B. Tunnel pressures for more nearly normgal aperation with 
Geehi Pond full are shown i n  Figure 15A. With the l a t t e r  operating con- 
ditions, all pressures on the gate structure w i l l  be strongly positive. 
By use of the pressure factor data, individual pressures can be computed 
for  any desired operating condition. The coefficient of discharge for  
various gate openings is shown i n  Figure l.6. Prototype discharges may 
be estimated, when the upstream and downstream pressure heads are known, 
by using the nomograph i n  Figure 17. 

Pressure c e l l  records of the most severely negative and/or the most 
fluctuating pressures ( ~ i g u r e  18) i l l u s t r a t e  the most c r i t i c a l  prototype 
conditions t o  be encountered if  the gate is throt t led  with Geehi Pond 
empty and Island Bend Reservoir full. The worst conditions occur at 
gate openings between 25 and 45 percent. The most c r i t i c a l  locations 

I were between the res t r ic t ion  plates  on the ve r t i ca l  step in  the floor 
(~iezometers 21 and 22) and on the walls downstream from the p la tes  
(~ iezone te r s  15 and l6). In cases of small discharge where f r i c t ion  
losses would be insufficient t o  maintain dack pressure at Island Bend, 
it was assumed tha t  Geehi control gate would be throt t led  t o  maintain 
the tunnel f u l l  with a 30-foot back pressure above the Island Bend gate 
upstream center line ( ~ i g u r e  1s). It w i l l  be noted that a t  these most 



and briefly extend downward- into the cavitation range ( ~ i g u r e  18). The 
fac t  tha t  these pressure excursions are brief ,  occur only under t h i s  
unlikely operating condition, and are on areas where cavitation collapse 
is unlikely due t o  the flow patterns makes t h i s  problem re la t ive ly  minor. 
A s  Geehi Pond fills, the back pressure a t  Island Bend increases and the 
head differentials  across the gate +op. The operating conditions thus 
become progressively l e ss  severe as normal operating conditions are 
approached. 

A t  gate openings below 25 percent, a l l  pressures are steady and well 
positive and the gate performance is smooth a t  a l l .  applicabls flow ccn- - 
ditions. A t  gate openings between 25 and)-45 percent, random pressure 
fluctuations occur, apparently due t o  the discharging je t  swinging 
e r ra t i ca l ly  in  the downstream passage. The fluctuations are most severe 
when Island Bend Reservoir i s  Full and Geehi Pond i s  completely empty. 
This operating condition is, at best, only a remote possibi l i ty,  but if 
it does occur, consideration should be given t o  operating the gate a t  
openings ei ther  smaller than 25 percent or larger than 45 percent. As  
the back pressure r i ses ,  due t o  f i l l t u g  Geehi Pond, the pressure fluc- 
tuations decrease rapidly. A t  ga.te openings larger than 45 percent, 
even with Geehi Pond e ~ t y ,  the pressure fluctuations decrease, and good 
operation is e w c t e d .  

Hydraulic Downpull 

When f l a w  occurs under the gate leaf,  pressure head is converted into 
velocity head and the pressures on the leaf  bottom become low re la t ive  
t o  the pressures on the leaf top. This pressure difference, applied 
over the cross-sectional area of the leaf ,  produces a downward force 
which must be considered i n  desig;ning the gate-lift ing mechanisms, 
stem, acd supporting structures. 

The downpuU forces were determined by pressures measured with piezometers 
in the leaf  bottom and i n  the gate bonnet. The averages of these pres- 
sures were applied t o  appropriate areas on the leaf ,  and the overall  
approximate dampull was then computed. No measurements of stem loads 
were made because the model  was not bu i l t  t o  permit direct  ~ a s u r e m n t s .  
These direct  measurements re*ire a nearly f r ic t ionless  suspension for 
the leaf  within the gate body, a condition not eas i ly  obtained in a 
model of a very high head gate. 

The pressures in the bonnet and on the bottom of the Island Bend gate . 
leaf are shown in Figure 1 4 ~ ,  Piezometers 44 through 59. These pres- 
sures are for  the severe condition of Island Bend Pond full and &ehi 
Pond empty. The approximate maximan downpull, based on the difference 
between the pressure acting downward on the top beam of the gate and the 



acting upward on-the leaf bottom, and the areas affected, is shown i n  
Figure l9A. The greatest force occurs a t  about a 60 percent gate 
opening and reaches 442,000 pounds. 

Tests were also made with the res t r ic t ion  plates  removed from the body 
and with the severest head conditions tha t  would apply t o  the Eucumbene 
gate. This t e s t  was made t o  determine the forces t o  be expected i f  
emergency or other closures are made w i t h  the Eucumbene gate. The very 
different discharge characteristics of t h e  design without res t r ic t ion  
plates  produced a very different downpull curve (Figure 1 9 ~ ) .  Rela- 
t ively low pressures, considering the submergence due t o  Lake Eucumbene 
(Figure 14B), occurred on the <,leaf bottom across the ent i re  passage t o  
produce the maxirmun downpull oP' 429,000 pounds a t  about a 22 percent 
gate opening. The pressures a t  the gate s l o t s  had an important effect  
on the curve, being strongly positive a t  10 percent ansl smaller open- 
ings and decreasing rapidly as the gate was opened from 10 W 2 0  percent. 
A t  larger openings, with attendant tunnel back pressure increases and 
hence differential  head decreases, the downpull progressively decreased. 
kessure factors and discharge coefficients for  the above operation are 
given i n  Figure 14B. 

A l a s t  ser ies  of dcmpull t e s t s  was made with the res t r ic t ion  plates  
removed and with free discharge conditions downstream from the gate. 
This approximates the conditions tha t  would possibly occur during early 
f i l l i n g  operations i n  the  Eucumbene-1.sland Bend Tunnel. With an upstream 
head of 410 feet ,  cavitation pressures occurred on the  leaf  bottom a t  gate 
openings of 40 percent or more (Figure 14C). The maximum dompull 
occurred a t  about a 52 percent gate opening and reache& 1,015,000 pounds 
(Figure 1%). The downpull computations were made using -30 fee t  for a l l  
pressures indicated within the cavitation r q e .  

The pressure data and discharge coefficients fo r  the f ree  discharge 
operating condition are presented dimensionlesslj; i n  Figure 14C. These 
data, l i ke  the other pressure factor data, may be used for a wide range 
of pressure conditions. It is therefore usable for  other operating con- 
d i t ions  on t h i s  structure and for  other structures tha t  are geometri- 
cally similar. 

The severe operating conditions on the Island Bend gate, and the f a c t  
tha t  it is extremely d i f f i cu l t  and expensive t o  reach for maintenance 
purposes, make it mandatory t o  provide smooth, well alined, corrosion- 
and erosion-resistant surfaces wherever high velocity flows w i l l  occur 
i n  the gate. 'iSrpit!al surfaces i n  need of special care are found on the 
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3.0' PROTOTYPE OFFSET 

/ Row I piez's. I' above ledge 16'-I above f loor) 
Row 2 p~ez's. 11'-2' above floor. 

-A 6' high plates = 37.5% gate opening. B. SLOT S H A P E S  T E S T E D  

A. OFFSET SLOT CORNER ABOVE RESTRICTION PLATES 

C. PIEZOMETRIC PRESSURES - F E E T  OF WATER, 
PROTOTYPE, INCLUDING MIN IMUM BACK PRESSURE 

(Tests Mode With E l l ~ p t i c a l  Bo t tom on Gate Leaf  ) 

Note: Doto from ~ 1 9 . 2  scale. a i r  model 

I S L A N D  BEND CONTROL GATE 
GATE SLOT DESIGNS AND PRESSURES 
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SECTION E-E 

SECTION B-B 

RESTRICTION PLATE DETAILS 

B I S L A N D  BEND CONTROL G A T E  
I MODEL GATE D E T A I L S  AND P I E Z O M E T E R  L O C A T I O N S  
I 

RECOMMENDED DESIGN 
i 1.24 SCALE H Y D R A U L I C  M O D E L  
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A. ISLAND BEND GATE B. EUCUMBENE GATE -SUBMERGED 
Flow to Geehl Flow to Eucumbene 
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C. EUCUMBENE GATE - FREE DISCHARGE 
Flow to Eucumbene 

Note: Com~utotions bosed on pressure doto from 1:24 scale hydraulic model 

p, 
ISLAND BEND AND ECCUMBENE CONTROL G A T E S ' ~  

HYDRAULIC DOWPJPULL FORCES ON THE GATE LEAF  
RECOMMENDED DESIGN 

GPO 837535 






